Introduction
============

Nasopharyngeal carcinoma (NPC) arises from the epithelium of the nasopharyngeal mucosa. The incidence of NPC varies between countries, however among the Caucasian population, the incidence is \<1 case per 100,000 individuals ([@b1-ol-0-0-6176],[@b2-ol-0-0-6176]). In contrast, NPC ranks among the most common of the head and neck cancers in Asia, particularly in Hong Kong and the Guangdong Province in Southern China, where the incidence is 25 cases per 100,000 individuals ([@b1-ol-0-0-6176],[@b2-ol-0-0-6176]). The majority of patients with NPC are initially diagnosed with advanced disease, resulting in a high rate of mortality ([@b1-ol-0-0-6176],[@b2-ol-0-0-6176]). Recently, healthcare providers have begun to examine the possible roles of lifestyle and genetic factors in the development of NPC. The notion that salted fish consumption is a classical risk factor of NPC in China has been denied by Lau *et al* ([@b3-ol-0-0-6176]). They also reported that vegetable consumption appears to help protect against NPC ([@b3-ol-0-0-6176]). Numerous therapeutic strategies have been investigated to improve the prognosis for NPC patients, including surgical techniques, chemotherapy, radiation and targeted therapies ([@b4-ol-0-0-6176],[@b5-ol-0-0-6176]). However, patients with NPC, and particularly those with relapsed NPC, continue to have a poor survival rate. Many of the current treatments for NPC have high toxicities ([@b6-ol-0-0-6176]). Therefore, there is an urgent need to identify novel drugs that are more effective, but less toxic for the treatment of NPC.

Apogossypolone (ApoG2) is a novel derivative of gossypol, which is a polyphenolic substance extracted from cottonseed ([@b7-ol-0-0-6176]). ApoG2 is an effective inhibitor of cancer cell proliferation and suppresses tumor growth by inducing apoptosis ([@b7-ol-0-0-6176]). Additionally, ApoG2 is less toxic to normal cells than gossypol. In laboratory and clinical studies, ApoG2 has shown potent antitumor activity for several types of malignant tumors including prostate ([@b7-ol-0-0-6176]), breast ([@b8-ol-0-0-6176]), gastric ([@b9-ol-0-0-6176]) and pancreatic cancer ([@b10-ol-0-0-6176]), myeloma ([@b11-ol-0-0-6176]) and chronic lymphocytic leukemia ([@b12-ol-0-0-6176]). Several studies have now demonstrated that ApoG2 induces tumor cell apoptosis by blocking the B-cell lymphoma-2 (Bcl-2) signaling pathway ([@b13-ol-0-0-6176],[@b14-ol-0-0-6176]). Bcl-2 is an anti-apoptotic protein that serves a critical role in promoting tumor cell survival and tumor growth ([@b15-ol-0-0-6176],[@b16-ol-0-0-6176]). An agent that selectively inhibits Bcl-2 expression and/or activity would be hypothesized to induce tumor cell apoptosis and inhibit tumor growth.

Given the previous studies supporting an antitumor role for ApoG2, the present study designed an *in vitro* and *in vivo* model to evaluate its effects and mechanisms in NPC, a tumor with high morbidity and mortality, particularly in Southern China.

Materials and methods
=====================

### Cell lines, ApoG2, and experimental reagents

The human NPC CNE-2 cell line was obtained from the Cancer Institute of the Southern Medical University (Guangzhou, China). ApoG2 was provided by the University of Michigan (Michigan, USA). An ApoG2 stock solution was freshly prepared at a concentration of 20 mmol/l in 100% dimethyl sulfoxide (DMSO) on the day of the experiment, and then diluted to the specific concentrations (0, 5, 10, 20, 40, 60 and 80 µmol/l) required for a particular study.

Control groups in the experiments were treated with 0.1% DMSO alone. All primary antibodies used in western blot analysis were rabbit anti-human monoclonal antibodies. The anti-Bcl-2 antibody was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA; sc-492; dilution 1:1,000), the anti-beclin-1 antibody was purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA; 3495; dilution, 1:1,000) and the anti-β-actin antibody was purchased from Abmart Biomedical (Shanghai, China; P30002; dilution, 1:2,000). The secondary antibodies were biotin-labeled goat anti-rabbit antibodies purchased from Boster Biotechnology Inc. (Wuhan, China; BA1003; dilution, 1:400). A pre-stained protein ladder was purchased from Thermo Fisher Scientific, Inc., Waltham, MA, USA), and other reagents and laboratory supplies were purchased from Hyclone; GE Healthcare Life Sciences (Logan, UT, USA).

### Cell culture

The human NPC CNE-2 cell line was maintained in RPMI 1640 culture medium supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 µg/ml streptomycin (Gibco; Thermo Fisher Scientific, Inc.) in a humidified incubator at 37°C containing 5% CO~2~. Subcultures were initiated when the cell density reached \~80%. Cells to be harvested were trypsinized (0.025% trypsin and 0.02% EDTA) and then washed twice with PBS.

### Cell viability assay

Human NPC CNE-2 cells were seeded at a density of 5,000 cells/well in flat-bottom 96-well plates (100 µl per well). A total of 24 h later the cells were treated with ApoG2 at increasing concentrations (0, 5, 10, 20, 40, 60 and 80 µmol/l), and cell viability was determined after 24, 48, and 72 h using the Cell Counting kit-8 assay (CCK-8; Dojindo Molecular Technologies, Inc., Kumamoto, Japan) according the manufacturer\'s protocol. All cell viability assays were performed in triplicate.

### Hoechst 33258 staining

Human NPC CNE-2 cells were seeded in 6-well plates (50,000 cells/well) and incubated overnight at 37°C. Subsequently, the cells were treated with 40 µmol/l ApoG2 for 48 h and then fixed in 4% formaldehyde for 10 min. The cells were then washed twice with ice-cold PBS and stained with 0.5 ml of blue nucleic acid counterstain solution Hoechst 33258 (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) for 5 min at room temperature. The cells were examined under an inverted fluorescence microscope. Cells with punctate and condensed nuclei were identified as apoptotic cells.

### Flow cytometry analysis of apoptotic cells

Human NPC cell line CNE-2 cells were seeded in 6-well plates and treated with 40 µmol/l ApoG2. Following a 48-h incubation at 37°C, cells were harvested, washed twice with ice-cold PBS, and resuspended in a binding buffer. The cells were then stained with Annexin V/propidium iodide solution (BD Biosciences, San Jose, CA, USA) at room temperature, and analyzed using a Becton Dickinson FACScan flow cytometer (BD Biosciences).

### Analysis of autophagy by immunofluorescence staining

Human NPC CNE-2 cells were treated with 40 µmol/l ApoG2 for 48 h then washed, harvested and centrifuged at 1,500 × g for 10 min at 4°C. The pelleted cells were initially fixed for 1 h in a 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer for 1 h, and then in 1% osmium tetroxide in 0.1 M cacodylate buffer for 1 h. The cells were then dehydrated with ethanol and infiltrated with Araldite resin. An ultramicrotome was used to obtain specimens of 70--80 nm thickness. Finally, the cells were stained with uranyl acetate and lead citrate, and any features of autophagy were observed using transmission electron microscopy (TEM).

### Autophagy detection by flow cytometry analysis

Human NPC cell line CNE-2 cells were treated with 40 µmol/l ApoG2 for 48 h as aforementioned and incubated with 1 mg/l acridine orange for 15 min. The cells were then repeatedly washed with ice-cold PBS to remove residual dye, and images were captured using an inverted fluorescence microscope equipped with a 100 W mercury lamp (490 nm band pass blue excitation filters, a 500 nm dichroic mirror and a 515 nm long pass barrier filter). Autophagy was quantified based on the mean number of cells showing intense red staining. In total, 3 microscopic fields containing ≥50 cells per field were analyzed when determining the results obtained with each set of experimental conditions. Fluorescence intensity was analyzed using the FACScan software system (BD Biosciences).

### Western blot analysis

Human NPC CNE-2 cells were treated with ApoG2 at increasing concentrations (0, 5, 10, 20, 40, 60 and 80 µmol/l) for 48 h; after which they were washed twice with ice-cold PBS and lysed in 0.5 ml lysis buffer for 20 min at 4°C. Protein concentrations were determined using a BCA Protein assay kit (Thermo Fisher Scientific, Inc.). Samples with equivalent amounts of total protein were loaded and separated by 12% SDS-PAGE, and then transferred to a polyvinylidene difluoride membrane. Immunoblotting was performed using primary antibodies against Bcl-2, beclin-1, and β-actin, and a horseradish peroxidase-conjugated anti-IgG as the secondary antibody. The blots were developed using ECL chemiluminescent reagent (Cell Signaling Technology, Inc.).

### In vivo tumor model in BALB/c-nu mice

A total of 30 male nude mice (BALB/c-nu) of 4 weeks old, weighting 16--19 g, were purchased from the Provincial Animal Center (Guangdong, China), and maintained under a fixed 12 h light/dark photoperiod (lights on from 7:00 to 19:00) with food and water available *ad libitum*. They were raised individually housed in a stainless steel cage in a room maintained at 25±1°C with 70±4% relative humidity. All animal studies were performed in accordance with guidelines provided in the Guide for the Care and Use of Laboratory Animals ([@b14-ol-0-0-6176]).

The study protocols were approved by the Animal Investigation Committee of Sun Yat-Sen University (Guangzhou, China). The human NPC CNE-2 cells suspended in serum-free culture medium were inoculated subcutaneously into the flank region of BALB/c-nu mice (5×10^6^ cells/mouse). When the tumor size reached \~4 mm in diameter, the mice were randomly assigned to subgroups consisting of a control group and an ApoG2-treatment group. All pharmacologic agents were administered by intraperitoneal injection at a dose of 120 mg/kg every other day for 3 weeks. The weight of each mouse and the tumor volume was monitored every other day. Tumor measurements were obtained using vernier calipers, and tumor volumes were calculated as AxBxB/2; where A and B represent tumor length and width, respectively. At 2 weeks post-inoculation, the mice were anesthetized using 10% chloral hydrate (47335; Sigma-Aldrich; Merck KGaA injected intraperitoneally (300 mg/kg). Immediately after, they were euthanized by dislocated cervical vertebra and their tumor xenografts were removed. The percent inhibition of tumor growth was calculated as (1-T/C)x100%; where T and C represent the average tumor weight in the ApoG2 and control group, respectively.

### Statistical analysis

All statistical analysis was performed using SPSS statistics software for Windows, version 13.0 (SPSS Inc., Chicago, IL, USA). Data was calculated as a percentage obtained from at least 3 duplicate experiments and expressed as the mean ± standard deviation. Statistical differences between mean values were analyzed using the Student\'s t-test or one-way analysis of variance. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### ApoG2 decreased CNE-2 cell viability

The CCK-8 assay results indicated that ApoG2 significantly decreased the viability of the human NPC cell line CNE-2 cells in a time and dose-dependent manner (F~time~=2041.671, P~time~\<0.001; F~concentration~=1819.354, P~concentration~\<0.001; [Fig. 1](#f1-ol-0-0-6176){ref-type="fig"}). The results also suggest an interaction between ApoG2 concentration and exposure time (F=202.540, P\<0.001). The 50% inhibitory concentration (IC~50~) for ApoG2 after a 72 h exposure was 23.61 µmol/l.

### ApoG2 induced apoptosis in CNE-2 cells

Hoechst-33258 nucleic acid staining (blue) demonstrated apoptosis in CNE-2 cells following incubation with ApoG2. Cell nuclear pyknosis, chromosome fragmentation, chromatin condensation, the formation of apoptotic bodies, and other apoptotic features were observed in ApoG2-treated cells but not in control cells ([Fig. 2A](#f2-ol-0-0-6176){ref-type="fig"}). Flow cytometry results indicated apoptosis rates of 3.90±0.34 and 19.52±1.18% in the control and ApoG2 treated cells, respectively, and this difference was statistically significant (F=485.294, P\<0.001; [Fig. 2B](#f2-ol-0-0-6176){ref-type="fig"}). Western blot analysis showed that ApoG2 significantly decreased expression of Bcl-2 protein in CNE-2 cells, when compared with expression in control cells (F=68.909, P=0.001; [Fig. 2C and D](#f2-ol-0-0-6176){ref-type="fig"}).

### ApoG2 induced autophagy in CNE-2 cells

Control cells stained with acridine orange showed a cell nucleus and cytoplasm that appeared bright green. In contrast, ApoG2-treated cells showed bright red fragments of cytoplasm and nucleus contained within acidic autophagosomes ([Fig. 3A](#f3-ol-0-0-6176){ref-type="fig"}). Increased numbers of large vacuoles and double-layered membrane structures were observed by TEM in ApoG2-treated cells, but not in control cells ([Fig. 3B](#f3-ol-0-0-6176){ref-type="fig"}). Flow cytometry results indicated that 0.92±3.10% of control cells exhibited fluorescence compared with 28.24±7.35% of ApoG2-treated cells (F=31.035, P=0.003; [Fig. 3C](#f3-ol-0-0-6176){ref-type="fig"}). Additionally, ApoG2 treatment significantly increased beclin-1 protein expression in CNE-2 cells (F=497.906, P\<0.001; [Fig. 3D and E](#f3-ol-0-0-6176){ref-type="fig"}).

### ApoG2 suppressed tumor growth in the BALB/c-nu mice

The *in vivo* study of subcutaneously grafted CNE-2 human NPC cells in BALB/c-nu mice showed that ApoG2 treatment inhibited tumor growth by 65.49% (P\<0.05). The mice showed no adverse reactions to treatment throughout the study. Based on these results, the ApoG2 treatment was demonstrated to suppress tumor growth in this *in vivo* mouse model ([Fig. 4](#f4-ol-0-0-6176){ref-type="fig"}).

Discussion
==========

NPC is associated with a high mortality rate worldwide, but is a particularly prevalent primary malignancy in China ([@b17-ol-0-0-6176]). Xu *et al* ([@b18-ol-0-0-6176]) have reported that the incidence of mortality due to NPC in China is 1.99/100,000 individuals, and mortality in males with NPC is greater than in females at 2.81/100,000 vs. 1.14/100,000, respectively ([@b19-ol-0-0-6176]). Chemoradiotherapy remains the standard treatment for locally-advanced and lymph node-positive NPC, and platinum-based chemotherapy treatment regimens have recently demonstrated superiority ([@b17-ol-0-0-6176]). Previous studies have demonstrated that lifestyle changes may to help to prevent NPC, and that early detection can improve patient survival ([@b17-ol-0-0-6176],[@b19-ol-0-0-6176]). Despite the use of conventional chemotherapy, radiation and biological therapy and preventive strategies such lifestyle changes, there remains a requirement to identify safe and effective treatments for NPC.

The present study used *in vitro* and *in vivo* models of NPC to demonstrate that ApoG2 is capable of decreasing NPC tumor cell viability and suppressing tumor growth. Apoptosis, or programmed cell death, assists in eliminating unhealthy cells that are generated in physiological or pathological conditions, oncogene activation, hypoxia, or during chemotherapy or radiation ([@b18-ol-0-0-6176],[@b20-ol-0-0-6176]). As an important anti-apoptosis protein, Bcl-2 serves a critical role in regulating cell survival and modulates the activity of tumor growth-associated molecules ([@b21-ol-0-0-6176],[@b22-ol-0-0-6176]). Several studies have demonstrated that overexpression of Bcl-2 enhances tumor cell growth whilst silencing of Bcl-2 with small interfering RNA significantly inhibited the growth of tumor cells ([@b23-ol-0-0-6176]--[@b25-ol-0-0-6176]). It is also known that chemotherapy resistance in patients with NPC correlates with overexpression of Bcl-2 while inhibition of Bcl-2 enhances sensitivity to chemotherapy ([@b26-ol-0-0-6176],[@b27-ol-0-0-6176]). As a result, targeted downregulation of Bcl-2 expression is considered an effective strategy for sensitizing tumor cells to chemotherapy.

Autophagy has been widely accepted as a type of programmed cell death. However, it remains unclear whether autophagy is beneficial or detrimental for tumor growth. Autophagy serves to eliminate superfluous or damaged organelles and initiates the formation of multiple double-membrane vacuoles that fuse with lysosomes to form intracellular bodies termed 'autophagosomes' ([@b28-ol-0-0-6176],[@b29-ol-0-0-6176]). Certain external factors such as nutrient deprivation and specific medications can induce autophagy and lead to decreased cell viability. On the basis of these published findings on the importance of apoptosis and autophagy in tumor biology, the components of the present study were planned.

The results of the current study indicated that ApoG2 significantly decreased Bcl-2 expression, leading to human NPC CNE-2 cell apoptosis. Immunofluorescence assays, flow cytometry analysis, and TEM imaging suggested that ApoG2 treatment significantly decreased autophagy in CNE-2 cells, which may be a mechanism for the observed ApoG2-induced decrease in CNE-2 cell viability. The present study additionally identified that ApoG2 treatment significantly increased expression of beclin-1 protein, which has been reported as a marker of autophagy ([@b30-ol-0-0-6176],[@b31-ol-0-0-6176]). The results of the current study are supported by several other studies that have investigated ApoG2 in NPC using either *in vitro* or xenograft models ([@b32-ol-0-0-6176]--[@b36-ol-0-0-6176]).

Data from the present study support a role for ApoG2 in the regulation of Bcl-2 and beclin-1 expression in the NPC CNE-2 cell line, inducing apoptosis and autophagy, which modulate tumor cell viability and tumor growth. Based on these observations, the present study suggests that additional larger studies on the role of ApoG2 should be performed to investigate its potential role as an antitumor agent for use in the treatment of patients with NPC.

The limitations of the present study include the small study size and the use of an NPC cell line. Cell lines may not reflect the behavior of human tumors arising in the nasopharynx that can be heterogeneous and exhibit low-grade to high-grade differentiation and behavior. In the *in vivo* mouse model, the 'tumors' evaluated were subcutaneously implanted and would not be expected to behave in the same way as tumors arising in the nasopharynx.

There are remaining questions to be answered regarding the mechanism of action of ApoG2 in NPC prior to conducting clinical safety and efficacy studies in humans. It is possible, for example, that autophagy and the promotion of apoptosis may promote tumor cell survival in the clinical situation. The appropriate clinical dose of ApoG2 additionally remains to be determined for patients with NPC. There is the possibility of cross-talk between apoptosis and autophagy, and the mechanism by which ApoG2 induces tumor cell autophagy remains to be studied. In addition, due to the fact that anti-Bcl-2 therapy has been reported to sensitize tumor cells to chemotherapy and radiation therapy, the present study proposed to test the effects of combined ApoG2 therapy with chemotherapy and/radiotherapy on the development of NPC in the study models.

In conclusion, these results support a role for ApoG2 in inhibiting the growth of human NPC cells by inducing apoptosis and autophagy. Additional controlled clinical studies could be planned, to define safety, efficacy and dosing regimens for ApoG2 as a potential treatment for patients with NPC.
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![ApoG2 treatment reduced the viability of human nasopharyngeal carcinoma CNE-2 cells in a dose and time-dependent manner. Data are presented as the mean ± standard deviation (n=3). ApoG2, apogossypolone.](ol-14-01-0751-g00){#f1-ol-0-0-6176}

![ApoG2 treatment-induced apoptosis in human nasopharyngeal carcinoma CNE-2 cells. (A) Hoechst staining (blue) and (B) flow cytometry analysis showed that ApoG2 induced CNE-2 cell apoptosis. (C) Western blot analysis indicated that ApoG2 inhibited Bcl-2 expression in CNE-2 cells. (D) Quantification of Bcl-2 expression levels in each group is presented in bar graphs as the fold-increase. \*\*P\<0.01 vs. the control group, data are presented as the mean ± standard deviation. ApoG2, apogossypolone; PI, propidium iodide; FITC, fluorescein isothiocyanate; Bcl-2, B-cell lymphoma-2.](ol-14-01-0751-g01){#f2-ol-0-0-6176}

![ApoG2 treatment-induced autophagy in CNE-2 cells. (A) Fluorescence staining, (B) transmission electron microscopy imaging, and (C) flow cytometry analysis showed ApoG2-induced autophagy in CNE-2 cells. (D) Western blot analysis showed ApoG2-induced beclin-1 expression in CNE-2 cells. (E) Quantification of beclin-1 expression levels in each group, presented in bar graphs as the fold-increase. \*\*P\<0.01 vs. the control group, data are presented as the mean ± standard deviation (n=3). ApoG2, apogossypolone.](ol-14-01-0751-g02){#f3-ol-0-0-6176}

![ApoG2-inhibited tumor growth in a BALB/c-nu mouse model of NPC. (A) Image showing human NPC tumor xenografts removed from the mice. (B) The tumor growth curves in each group. \*P\<0.05, \*\*\*P\<0.001 vs. the control group in 9, 12, 15, 18, 20 days, respectively. (C) The rate of tumor growth inhibition. Data are presented as the mean ± standard deviation (n=3). ApoG2, apogossypolone; NPC, nasopharyngeal carcinoma.](ol-14-01-0751-g03){#f4-ol-0-0-6176}
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